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Background:  Hop  tests  are  frequently  used  to determine  return  to sports  (RTS)  after  anterior  cruciate
ligament  reconstruction  (ACLR).  Given  that  bilateral  deficits  are  present  after  ACLR, this  may  result  in  a
falsely  high  limb  symmetry  index  (LSI),  since  LSI is calculated  as a ratio  between  the  values  of  the  limbs.
Hypothesis:  Athletes  after  ACLR  would  achieve  LSI >  90%  for  the  hop  test. Secondly,  athletes  after  ACLR
demonstrate  decreased  jump  distance  on  the  single  hop  for  distance  (SLH)  and  triple  leg  hop  for  dis-
tance (TLH)  and  decreased  number  of  hops  for the  side  hop  (SH)  for both  involved  and  uninvolved  limbs
compared  to normative  data  of  sex,  age  and  type  of  sports  matched  healthy  athletes.
Materials  and  methods:  Fifty-two  patients  (38  males  mean  age  23.9  ±  3.5  years;  14 females  mean  age
21.7  ± 3.5  years)  who  had  undergone  an  ACLR  participated  in this  study.  Patients  performed  the  3  hop
tests  at  a mean  time  of  7 months  after  ACLR.  Hop  distance,  number  of  side  hops  and  LSI were  compared
with  normative  data  of  188  healthy  athletes.
Results: The  differences  between  the involved  limb  and  the  uninvolved  limb  were  significant  in  all  hop
tests  (SLH  P =  0.003,  TLH P =  0.003,  SH  P =  0.018).  For females,  only  significant  between  limb  differences
were  found  in  the  SLH  (P  = 0.049).  For  both  the  SLH  and  the  TLH,  significant  differences  were  found
between  the involved  limb  and  the  normative  data  (males;  SLH  P  < 0.001,  TLH  P  < 0.001;  females;  SLH
P  <  0.001,  TLH P  = 0.006)  and  between  the  uninvolved  limb  and  the  normative  data  for both  males  and
females  (males;  SLH  P < 0.001,  TLH  P < 0.001;  females;  SLH  P = 0.003,  TLH P =  0.038).  For the  SH, only  sig-
nificant  differences  were  found  between  the  involved  limb  and  the  normative  values  in males  (P  = 0.033).
Conclusion:  Athletes  who  have  undergone  an ACLR  demonstrate  bilateral  deficits  on  hop  tests  in com-
parison  to age  and  sex matched  normative  data  of  healthy  controls.  Using  the LSI may  underestimate
performance  deficits  and  should  therefore  be  analyzed  with  caution  when  used  as  a criterion  for  RTS
after ACLR.
Level of evidence:  III, case  control  study.
© 2017  Elsevier  Masson  SAS.  All  rights  reserved.
1. Introduction
The clearance for full return to sports (RTS) to athletes after
anterior cruciate ligament reconstruction (ACLR) by physicians
and rehabilitation specialists is a critical point towards the end
of an extensive course of rehabilitation [12]. Unfortunately, deci-
sion making to allow a patient to RTS and unrestricted physical
activity after ACLR is one of the most challenging and difficult deci-
∗ Corresponding author.
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sions clinicians have to make [1]. In a review of the literature,
40% of studies failed to use any criteria, and only 32% of studies
used time post-surgery as the sole criterion to determine when an
athlete may  be ready for RTS after ACLR [2]. Work presented in
this paper is the result of an international collaboration between
orthopaedic surgeons, sport and human movement scientists and
physical therapists with the objective to reduce ACL injury rates,
enhance quality of life for patients after ACL injury and surgery and
decrease the incidence of osteoarthritis.
Clinicians must choose tests that are objective, reliable, and
valid. With regard to ACLR, objective outcome measures include
clinical and functional performance tests (FPT) and are popular
http://dx.doi.org/10.1016/j.otsr.2017.02.015
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due to their ability to quantify knee function [3,4]. The FPT were
developed to simulate sport specific movements in a controlled
fashion.
Hop tests are the preferred type of FPT due to utilization of the
uninjured limb as a control for between limb comparisons, and as a
reference against which discharge from rehabilitation and RTS may
be determined [5,6]. Hop tests, like the single hop for distance (SLH),
the triple hop for distance (TLH), the crossover hop for distance,
and the 6-m timed hop, are FPT with extensive research suppor-
ting their reliability [3,7,8,9]. Researchers have recommended that
FPT should also include an endurance hop test like the side hop
(SH) [10]. It is common to calculate a limb symmetry index (LSI)
calculated as hop test performance of the involved limb/hop test
performance of the uninvolved limb × 100% [4,11,13]. LSI crite-
ria > 90% are often used as cut-off scores for RTS [10,14]. However,
there are some concerns regarding the use of the uninvolved limb
as a reference for the involved limb. Abnormal movement pat-
terns have been reported not only for the involved limb but also
the uninvolved limb after ACL injury [15]. Additionally bilateral
neuromuscular deficits haven been reported after an ACL injury
[16–20].
Hence, a bilateral deficit may  lead to a falsely high LSI, since LSI
is calculated as a ratio between the values of the limbs. An ath-
lete may  have perfect limb symmetry and yet be underprepared to
compete because both extremities are much weaker or more poorly
controlled than a healthy athlete. Myers et al. recently cautioned
professionals to purely rely upon the LSI for the assessment of hop
test performance [21]. The study of Myers et al. provided normat-
ive values for the SLH and TLH test that were based on sex, type of
sport and level of competition [21]. Gustavsson et al. have reported
data on the SH [22].
The purpose of the current study was therefore to compare the
results of 3 different hop tests in patients after ACLR to normative
data of healthy athletes. It was our hypothesis that athletes after
ACLR would achieve LSI > 90% for the hop test. Secondly however,
athletes after ACLR demonstrate decreased jump distance on the
SLH and TLH and decreased number of hops for the SH for both
involved and uninvolved limbs compared to normative data of sex,
age and type of sports matched healthy athletes.
2. Materials and methods
2.1. Subjects
Fifty-two patients who  had undergone an ACLR participated in
this study. There were 38 male patients (mean age 23.9 ± 3.5 years)
and 14 female patients (mean age 21.7 ± 3.5 years) who partici-
pated in various level I–II sports prior to injury. Normative data
from 188 healthy athletes were used as controls (Table 1). Inclu-
sion criteria for the patients were: isolated ACLR, no associated
meniscus lesion requiring repair or partial meniscectomy or carti-
lage lesion, normal limb alignment as well as no relevant previous
surgery at any other joint of the limbs. Exclusion criteria were
joint effusion, varus thrust of the knee, > 50% removal of the width
of the meniscus, grade 3 rupture of the collateral ligaments, con-
comitant ligament injuries to the posterolateral or–medial corner,
traumatic or degenerative cartilage lesions > 2 cm2, surgical proce-
dures or injuries to contralateral limb or any history of neurological,
vestibular or visual impairment. An arthroscopic ACLR with antero-
medial portal technique was  performed on all patients by the same
2 surgeons. All the patients underwent a standardized early rehabil-
itation protocol. The patients performed the test battery on average
at 7 months (range 6.7–7.4) following ACLR. The study protocol met
the ethical standards required by the governing Ethics Committee
and informed consent was obtained from all subjects prior to data
collection.
Table 1
Demographics of patients and control group.
ACLR group Control group
Males Females Males Females
Myers et al.,
2014
Gustavsson
et al., 2006
Myers et al.,
2014
Gustavsson
et al., 2006
Number subjects 38 14 87 9 85 6
Age  (years, range) 24.0 ± 3.6
(17–30)
21.7 ± 3.5
(17–28)
19.2 ± (NR)
(17–24)
29.0 ± 4.0 (NR) 19.3 ± (NR)
(17–22)
26.0 ± 4.0
(NR)
Weight (kg) 67.6 ± 26.7 51.0 ± 16.4 84.0 ± 10.0
(NR)
61.0 ± 6.0
(NR)
Type  graft HT (28), PT (8),
ST (2), AG (1)
HT (14)
Time post-surgery
(months)
6.7 ± 1.2 7.4 ± 1.2
Type sports (number of
subjects)
Football (32)
Basketball (2)
Badminton (1)
Korfball (1)
Fitness (2)
Football (4)
Basketball (1)
Handball (4)
Tennis (2)
Korfball (2)
Hockey (1)
Football,
Basketball
Football,
Basketball
Isokinetic peak torque
extension 60◦/s (Nm)
(LSI)
Involved
235.9 ± 42.4
Uninvolved
262.5 ± 38.5
(90.0%)
Involved
161.4 ± 34.1
Uninvolved
183.1 ± 28.9
(88.0%)
Isokinetic peak torque
flexion 60◦/s (Nm)
(LSI)
Involved
132.3 ± 22.5
Uninvolved
138.0 ± 22.5
(96.3%)
Involved
86.4 ± 19.2
Uninvolved
95.9 ± 17.8
(90.1%)
IKDC 85.4 ± 11.0 83.6 ± 6.1
ACLR: anterior cruciate ligament reconstruction; control group: derived from normative data; NR: not reported; HT: hamstring tendon; PT: patellar tendon; AG: allograft;
ST:  synthetic tendon; LSI: limb symmetry index.
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2.2. Procedure
Data from 3 unilateral lower extremity hop tests were collected
that included the SLH, TLH and the SH. The SLH and TLH tests were
conducted as described by Noyes et al. [11]. About 5–10 practice tri-
als were performed as relative high number of practice trials based
on previous research that indicated that hop distance increases
with practice [9]. Between practice and commencement of trials,
patients had a 3-minute pause. For the SH, the subjects stood on
the test leg, and jumped from side-to-side between two  parallel
strips of tape, placed 40 cm apart on the floor. The subjects were
instructed to jump as many times as possible during a period of
30 s. The number of successful jumps performed, without touch-
ing the tape, was recorded [22]. Between hop trials, patients were
given a 30 s rest period. Patients performed all hop test first with
the uninvolved limb and order of testing was SLH, TLH and finally
SH (video in supplementary material).
For all 3 hop tests, a limb symmetry index (LSI) was  calculated
as the mean score for involved limb/uninvolved limb × 100%. Nor-
mative data for healthy controls (CTRL), derived from 2 studies
[21,22] were used for comparison with patients after ACLR. The
study of Myers et al. provided normative values for each hop test
that were based on sex, type of sports and level of competition [21].
In addition, they found no clinically relevant differences between
dominant and non-dominant limbs in healthy athletes nor did they
find differences between athletes that played football or basketball
[21]. These findings allow for between group comparisons. For the
SH, data were derived from the only study available in the literature
to the best of the knowledge of the authors [22].
2.3. Statistical analysis
All data were normally distributed. Paired sample t-tests were
used to investigate the difference between the distance and num-
ber of hops of the involved limb and uninvolved limb. In addition,
we compared the involved and uninvolved limbs of the ACLR group
to the normative data of a large sample of healthy athletes [21,22].
A matched subject design was used to compare the patient group
with a control group based on sex, age and type of sports. The nor-
mative data were presented for the dominant limb as there were no
clinical relevant differences between dominant and non-dominant
limbs [21]. To determine differences between limbs (involved and
uninvolved) and groups (ACLR and healthy control group), a 2 × 2
ANOVA was conducted for each hop test. In addition, clinically rel-
evant differences were determined based on the standard error of
measurement (SEM) of healthy athletes for the SLH and TLH. The
SEM for the SH has not been reported in the literature to the best
knowledge of the authors.
3. Results
The mean LSI was 95.4% for the 3 hop tests. Eighty-three percent
of the patients passed criteria set as LSI > 90% for the SLH and 86.8%
respectively for the TLH. In Table 2, the LSI and the absolute differ-
ences between the involved limb and the uninvolved limb in scores
on the SLH, TLH and SH of the patients after ACLR patients are pre-
sented for males and females separately. For males, the differences
Table 2
Mean (SD) for the 3 different hop tests in patients after ACL reconstruction.
Males Females
SLH
Involved limb (cm) 156.5 ± 23.5 131.3 ± 13.7
Uninvolved limb (cm) 164.0 ± 23.09 136.0 ± 13.8
LSI  (%) 95.4 96.5
P  value 0.003* 0.049*
TLH
Involved limb (cm) 506.3 ± 71.4 426.5 ± 49.2
Uninvolved limb (cm) 527.9 ± 65.6 439.2 ± 49.8
LSI  (%) 95.9 97.1
P  value 0.003* 0.082
SH
Involved limb (number hops) 50.4 ± 12.6 39.6 ± 14.0
Uninvolved limb (number hops) 54.0 ± 12.5 41.9 ± 11.6
LSI (%) 93.3 94.5
P  value 0.018* 0.027*
SLH: single leg hop test; TLH: triple leg hop test; SH: side hop test; LSI: limb sym-
metry index.
* Denotes statistical significance.
between the involved limb and the uninvolved limb were signifi-
cant for all hop tests (SLH P = 0.003, TLH P = 0.003, SH P = 0.018). For
females, only significant differences were found in the SLH between
the involved limb and the uninvolved limb (P = 0.049). The differ-
ences between the involved and uninvolved limbs for the SLH and
TLH were all within the SEM (4.5–7.9 cm for the SLH, 15.4–23.2 cm
for the TLH) except for females in the TLH, who  demonstrated a
side-to-side difference of 12.7 cm.
Normative data and the SEM for the SLH, TLH and SH are pre-
sented in Table 3. In Table 4, the differences between the involved
limb, the uninvolved limb and the normative data are presented for
the 3 hop tests separately. For both the SLH and the TLH, significant
differences were found between the involved limb and the normat-
ive data (males; SLH P < 0.001, TLH P < 0.001; females; SLH P < 0.001,
TLH P = 0.006) but also between the uninvolved limb and the nor-
mative data for both males and females (males; SLH P < 0.001, TLH
P < 0.001; females; SLH P = 0.003, TLH P = 0.038). The differences
between ACLR group and controls were also clinically relevant
with shorter jump distances for the SLH (involved males 35.5 cm,
females 17.6 cm; uninvolved males 28.0 cm, females 13.0 cm)  and
for the TLH (involved males 125.7 cm,  females 43.5 cm; uninvolved
males 104.1 cm,  females 30.8 cm). These differences exceed the
SEM for healthy athletes by far and demonstrate that patients after
ACLR perform significantly less on the SLH and TLH when compared
to age and sex matched athletes. For the SH, only significant dif-
ference were found between the involved limb and the normative
values in males (P = 0.033).
4. Discussion
The main findings of the current study highlights the need for a
critical appraisal of LSI scores in patients after ACLR. All of patients
in the current study had a mean LSI of 95.4% for the 3 hop tests,
being well over the clinical cut-off of 90% symmetry frequently used
for RTS criteria [5]. Despite achieving a LSI > 90%, patients demon-
strated significant and clinical relevant deficits in performance
for both limbs when compared to normative data from healthy
Table 3
Normative data for the 3 different hop tests.
Hop test Study Subjects (n) Outcome SEM (range cm/hops)
SLH Myers et al., 2014 172 Jump distance (cm): males 192.0 ± 20.0; females 149.0 ± 17.0 4.6–7.9
TLH  Jump distance (cm): males 632.0 ± 72.0; 470.0 ± 53.0 15.4–23.2
SH  Gustavsson et al., 2006 15 Number of hops: males 55.0 ± 6.0; females 41.0 ± 16.0 NR
Mean age years: SD; NR: not reported; range; SLH: single leg hop test; TLH: triple leg hop test; SH: side hop; SEM: standard error measurement.
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Table  4
Mean differences (SD) between limbs in patients after ACL reconstruction and
between patients and normative data from healthy athletes for the 3 hop tests.
Males Females
SLH (cm)
Difference involved limb compared to
normative data
35.5 ± 23.5 17.6 ± 13.3
P  value < 0.001* < 0.001*
Difference uninvolved limb compared to
normative data
28.0 ± 23.1 13.0 ± 12.8
P  value < 0.001* 0.003*
Difference involved limb compared to
uninvolved limb
7.4 ± 14.6 4.6 ± 7.7
TLH  (cm)
Difference involved limb compared to
normative data
125.7 ± 71.4 43.5 ± 49.2
P  value < 0.001* 0.006*
Difference uninvolved limb compared to
normative data
104.1 ± 65.6 30.8 ± 49.8
P  value <0.001* 0.038*
Difference involved limb compared to
uninvolved limb
21.7 ± 42.1 12.7 ± 24.3
SH  (number hops)
Difference involved limb compared to
normative data
4.6 ± 12.6 1.4 ± 13.5
P value 0.033* 0.723
Difference uninvolved limb compared to
normative data
1.0 ± 12.5 (–)0.9 ± 11.2
P  value 0.625 0.770
Difference involved limb compared to
uninvolved limb
3.6 ± 8.9 2.3 ± 6.5
P value 0.625 0.770
SLH: single leg hop test; TLH: triple leg hop test; SH: side hop test; negative values
represents better performance patients compared to control group.
* Denotes statistical significance.
athletes. Between limb comparison revealed that the differences
between the involved and uninvolved limbs for the SLH and TLH
were all within the SEM except for females in the TLH who exceeded
the SEM. When compared to normative data, patients after ACLR
had significant and clinically relevant shorter jump distances for
the SLH and for the TLH. Our results are partly in agreement with
others [6,23]. Pairot de Fontenay et al. studied 13 male patients at
7.4 months after ACLR. The patients demonstrated shorter jump
distance for the involved limb compared to the uninvolved limb
during SLH and TLH. The jump distance was 16% shorter for the
SLH and 19% shorter for the TLH in the uninvolved limb in compar-
ison to a control group [23]. The differences we found (Table 4) are
greater for within group comparison but even more pronounced
when patients after ACLR were compared to healthy athletes.
A possible explanation for the decreased jump performance in
patients after ACLR compared to a control group could be attributed
to muscle weakness as suggested by some authors [24,25]. How-
ever, in a recent systematic review, conflicting results were found
for the correlation between isokinetic strength and hop tests [26].
Not only do patients after ACLR exhibit side-to-side deficits, but the
uninvolved leg after ACLR is also significantly weaker to a matched
leg of a control group. The overall pattern is that the ACLR leg is
weaker than the uninvolved leg, which itself is weaker than that
seen in matched healthy controls. This implies that the uninvolved
leg is significantly affected by the ACL injury, also questioning to
use the LSI for strength as a criterion for RTS [27].
The SH assesses different qualities when compared to the SLH
and TLH, and is regarded as an endurance test [22]. The patients
after ACLR scored very similar number of hops for the uninvolved
limb compared to normative data (54.4 ACLR versus 55.0 controls)
[22]. For the SH only significant differences were found for com-
parison between involved limb and those of healthy control group.
The SH requires increased stamina in the operative limb. This may
indicate the profound effect of fatigue in the involved extremity at
the 6-month time period post-ACLR [13].
Considering that patients after ACLR demonstrate performance
deficits compared to controls, raises the question whether the use
of the LSI is an appropriate tool to detect deficits. In total, 83% of
our patients passed criteria set as LSI > 90% for the SLH and 86.8%
respectively for the TLH. This is in accordance with a recent sys-
tematic review of 88 studies that included 4927 patients [13]. In
the analysis, the 4 standard hop tests all averaged greater than 90%
LSI at 6 to 9 months postoperatively [13]. Hence, at a period in time
after ACLR when indeed most athletes are cleared for RTS [28]. The
cut-off score of 90% LSI for single leg hop tests may be questioned
for its sole use as a criterion for RTS after ACLR as this may mask
deficits. Hegedus et al. reported that criterion validity has mixed
evidence based on their review regarding the ability of the studied
FPT to predict functional outcome or future injury [26].
There is a paucity of normative data in the literature. Seil and co-
workers identified individual patient profiles in patients after ACLR
that included age, sex, preinjury level of sports and previous ACL
injury [29]. A systematic identification of patient subtypes would
enhance individualized rehabilitation tailored to patient’s individ-
ual tolerance, needs, goals and demands (type and level of sports).
Moreover, patient profiles need to be reported in more detail to
allow for scientific comparison between studies. Future outcome
data should not only be presented according to sex, but also accord-
ing to age, preinjury level of sports as well as previous ACL injury
[29].
There are several limitations of our study that should be
acknowledged. First, we used athletes from various sports. How-
ever the reported differences between different sports fall well
within the standard deviations of the proposed normative values,
making them clinically irrelevant. Moreover, the majority of male
patients were active in football and were compared to the normat-
ive data for healthy football players [21]. The second limitation is
that there is conflicting evidence regarding the construct validity,
criterion validity and responsiveness of hop tests [26]. Nonetheless,
the authors of the current study feel that their use is warranted
as they are functional maneuvers, simple to execute and do not
require specialized equipment.
5. Conclusion
The collective evidence from this study highlights that athletes
who have undergone an ACLR demonstrate bilateral deficits on hop
tests in comparison to age and sex matched normative data for
healthy controls. Using the LSI may  underestimate performance
deficits and should therefore be used with caution as a criterion for
RTS after ACLR.
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